IntroduCtIon
Worldwide, commercial vehicles are the largest growing contributor to air pollution, fuel consumption, and global warming emissions in the on-road transportation sector.
1 As with passenger vehicles, there are a variety of fuel, engine, and powertrain technology options for trucks and buses that can reduce criteria pollutant and greenhouse gas (GHG) emissions compared with conventionally-powered diesel and gasoline vehicles.
Examples of these advanced technologies include hybrid-electric, plug-in hybrid-electric, and hybrid hydraulic-powered drivetrains.
One of the challenges facing regulators is to develop or modify certification procedures so that these advanced technologies and vehicles are evaluated fairly and consistently as compared to their conventional counterparts.
Regulatory efforts to control criteria pollutant emissions from heavy-duty vehicles date back to the late 1980s and early 1990s in the mature vehicle emission control programs of the United States, Japan, and the European Union. In all of these programs, criteria pollutant standards are applied at the engine level only and expressed as an allowable mass of emissions per unit of engine work (g/kWh), and certification is based on engine dynamometer testing. One of the drawbacks of these engine-based standards and test methods is that they are unsuitable for properly assessing vehicles such as hybrids, whose engines operate in different speed-load regimes during in-use driving compared to engines in conventional powertrains.
Existing engine certification test cycles are designed to offer a reasonable approximation of how an engine installed in a conventional vehicle would operate during in-use driving. In hybrids, which employ an additional energy source in conjunction with an internal combustion engine for motive power, the interactions between the engine and the hybrid components affect criteria pollutant emissions and fuel consumption. Often, an engine installed in a hybrid vehicle will operate very differently from the same engine installed in a conventional vehicle driven over the same route. If the typical in-use hybrid engine duty cycle is significantly different from the certification cycle, testing the hybrid engine as if it were a conventional engine may misrepresent its g/kWh emissions and fuel use profile under real-world conditions. In addition, the amount of net engine power required to drive a certain distance is typically lower for hybrid vehicles than for conventional vehicles; despite having the same g/kWh emissions and fuel use as a conventional vehicle, a hybrid might have lower gram-per-mile emissions and fuel use. To avoid these circumstances, certification should ideally be based on testing the engine and hybrid components as a complete system. 
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In an effort to move towards a systems certification approach and a better integration of hybrid vehicles into emissions testing programs, the Working Party on Pollution and Energy (GRPE) 2 is in the process of drafting an amendment to Global Technical Regulation No. 4, which established a harmonized type-approval procedure for heavy-duty engine exhaust emissions. The amendment will provide a test procedure and harmonized technical requirements for certifying pollutant emissions and carbon dioxide (CO 2 ) from heavy-duty hybrid vehicles. The GRPE aims to have the test procedure finalized and adopted by June 2014.
This paper seeks to inform policy makers of the alternatives for moving toward more holistic approaches to testing and certifying powertrain systems and complete vehicles. Section 2 describes and compares, from a technical perspective, the options for testing the emissions and fuel efficiency performance of heavy-duty vehicles. Section 3 discusses some of the specific regulatory challenges posed by the fact there are a myriad of test method and test cycle options and combinations that could potentially be used in a certification program. Section 4 then examines the opportunities and challenges of developing a "world harmonized" certification procedure for heavy-duty hybrid and advanced technology vehicles.
2 The Working Party on Pollution and Energy (GRPE) is an entity of the United Nations Economic Commission for Europe (UNECE). The GRPE is a subsidiary body of the World Forum for Harmonization of Vehicle Regulations (WP.29). The GRPE convenes officially twice per year and is comprised of over 120 experts who conduct research and analysis to develop emission and energy requirements for vehicles. 
Methods of CertIfyIng advanCed teChnology heavy-duty vehICles

Full vehicle chassis dynamometer testing
In this test method, the full vehicle is mounted on a dynamometer with the drive wheels resting on one or more large cylindrical rolls. The vehicle is stationary during testing, but the drive wheels spin the rolls to simulate driving at different speeds. The dynamometer imparts varying loads to the drive wheels to represent varying vehicle inertial load, rolling resistance, and aerodynamic drag throughout the drive cycle. The vehicle driver follows a specific profile of speed versus time, and is usually given a computerized driver's aid, which shows actual speed versus target speed in real time. speed. This information is programmed into the dynamometer so that it will impose the appropriate load on the vehicle at each point in the test cycle.
The vehicle is then mounted on the dynamometer, and a dynamometer coastdown test is conducted to ensure that the coastdown profile is the same on the dynamometer as it was on the road.
While this method of evaluating and simulating rolling resistance and aerodynamic drag on a dynamometer is theoretically sound, it is critical that the coastdown test be conducted correctly. The "accuracy" of chassis dynamometer testing is limited by the accuracy of the coastdown data used to calibrate the dynamometer for a specific vehicle. The largest constraint on coastdown testing is finding an appropriate location to conduct the test (a straight and level road of sufficient length where the air is relatively still).
The accuracy and repeatability of coastdown tests are significantly affected by test track configuration and ambient conditions.
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Engine dynamometer-based testing
In this testing approach, the engine and the hybrid system components are exercised together using a standard engine dynamometer, in which power and torque are measured from the crankshaft of the engine. The engine and hybrid system act in harmony, as they would under real-world driving conditions. This testing configuration is applicable only to pre-transmission parallel hybrid systems in which an electric motor/generator is installed on the engine output shaft between the engine and a conventional manual, automatic, or automated-manual transmission. In such systems, both the engine and hybrid components 4 are capable of delivering power to the engine output shaft to drive, through the transmission, the wheels or auxiliary components. The engine and hybrid components are controlled by a Hybrid Control Module (HCM), which determines the instantaneous proportion of power to be delivered from the engine and the hybrid drive motor to meet the instantaneous power requirement of the vehicle. A schematic of a pre-transmission parallel hybrid system is shown in Figure 1 , with the dotted line denoting the system boundary for this testing approach.
To drive a specific route, a pre-transmission parallel hybrid system would typically provide the transmission the same torque requirements that the engine alone would in a conventional vehicle. Such a system could therefore be tested using a conventional engine dynamometer and current engine certification test cycles. In a post-transmission parallel hybrid configuration, one or more electric motors and gearing are combined into a device that takes the place of a conventional automatic transmission and is used to deliver power from the engine output shaft to the wheels. In this configuration the hybrid "transmission" might provide a pure mechanical path, a pure electric path, 4 In a hybrid-electric system, this would include the motor/generator, battery, power electronics, and hybrid controls. In a hydraulic hybrid, the engine is complemented by the accumulator tanks that serve as the energy storage device and the pump motor. 
PRE-TRANSMISSION PARALLEL HYBRID
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or a combination thereof to deliver the power produced by the engine and hybrid system battery to the vehicle's wheels. A schematic of a posttransmission parallel hybrid system is shown in Figure 2 .
figure 2. Schematic of a post-transmission parallel hybrid configuration.
In a series hybrid there is no mechanical path between the engine and the vehicle wheels. A generator is attached to the engine output shaft, and a separate electric motor is attached to the drive wheels; the engine supplies power to the generator, which produces electricity to power the drive motor to drive the wheels. Series systems typically do not include a conventional transmission, but may include a gear set attached to the drive motor. A schematic of a series hybrid system is shown in Figure 3 . 
Powertrain-based testing
To test a post-transmission or series hybrid system in isolation from a vehicle, one would need a powertrain test cell. A powertrain test cell would differ from a traditional engine test cell in that it would require an electric alternating current dynamometer to accommodate the additional rotational inertia and speeds associated with the inclusion of the "transmission" in the test setup. In practical terms, a powertrain test cell would need to have the power absorption capabilities of a traditional heavy-duty chassis dynamometer, but with the power absorbers connected directly to the transmission output shaft, rather than to rollers that support the drive wheels of the test vehicle.
A powertrain test cell could be used to test any type of hybrid system (pre-or post-transmission parallel hybrid, or series hybrid) as well as alternative/advanced transmissions. Engine test cycles are not suitable for post-transmission powerpack testing because they simulate torque-speed characteristics at the engine output shaft. For this type of testing configuration one would need a test cycle that simulates torque-speed characteristics at the transmission output shaft. Such a cycle could be easily derived from a speed versus time vehicle cycle such as the World Harmonized Vehicle
Cycle, based on an assumed rear-end gearing ratio and typical vehicle power requirements (vehicle mass, rolling resistance, and aerodynamic drag coefficient) for a given hybrid system.
5 As part of the upcoming Euro VI regulation, the ETC will be replaced by the World Harmonized Transient Cycle (WHTC).
6 This option will not be available for hybrids that utilize power from the electricity grid (i.e., plug-in hybrids). These vehicles will have to certify under the "Innovative Technology" option. More information about Innovative Technology credits and the entire U.S. fuel efficiency/GHG regulation can be found on the ICCT website (http://www.theicct.org/2011/09/us-hdv-stds/).
Simulation model-based testing
Unlike chassis and engine dynamometer testing, the use of simulation models for heavy-duty vehicle certification is fairly new. Software models vary greatly in complexity and applicability, but, in general, a simulation model uses actual data from physical systems to re-create a virtual vehicle that can mimic, in computational space, its real-world counterpart. Both Japan and the United States have finalized regulatory programs that employ simulation tools, and, as described in Table 1 , the GRPE is currently assessing a proposal 7 that is also heavily dependent on modeling. China, too, is currently developing a fuel efficiency program that will employ a combination of chassis testing and vehicle simulation. Each of these simulation-based certification approaches is discussed in more detail below.
The Japanese government adopted the world's first fuel economy requirements for heavy-duty trucks and buses in 2006. As part of the regulation, Japan developed test procedures for certifying the fuel use and emissions from heavy-duty vehicles. The test methods for both conventional and hybrid-electric vehicles are based on a combination of actual engine testing and simulation modeling. More details regarding the Japanese "Top Runner"
fuel economy regulation as well as its test procedure for conventional vehicles can be found in an ICCT fact sheet, 8 which is available upon request.
The Japanese method for certifying heavy-duty hybrid vehicles starts with measured data from the engine, battery, and electric motors. Data from these physical systems are then used to tailor a simulation model that is unique to each specific hybrid system. The model is then exercised over the JE05 driving cycle using the real hybrid control system hardware (i.e., the Engine Control Unit or ECU) to determine how the engine would need to operate in terms of speed and torque to propel a vehicle over that cycle.
Fuel use is then calculated based on an engine fuel map. The actual engine is then tested on an engine dynamometer, using that unique cycle, to determine criteria pollutant emission levels.
Like Japan, the United States has also finalized a regulatory program that is heavily dependent on simulation modeling for vehicle certification. The
Greenhouse Gas Emissions Model (GEM) is an open source MATLAB/
Simulink-based software program that is freely available on the EPA's website (http://www.epa.gov/otaq/climate/gem.htm). In concept, the GEM is similar to many models that have been developed by other research institutions and commercial entities in that it uses various inputs to characterize a vehicle's properties (weight, aerodynamics, and rolling resistance) and predicts how the vehicle would behave second by second when following a specific drive cycle. The inputs in the GEM are associated with many features of the vehicle that have the strongest impact on fuel consumption and CO 2 emissions. For tractors, this includes (1) coefficient of drag (C d ),
(2) rolling resistance (kg/metric ton) for both steer and drive tires, (3) weight reduction, (4) extended idle-reduction technology, and (5) vehicle speed limiting. The GEM does not include measured inputs about engine characteristics; rather, the simulation is carried out using a standard engine for each vehicle class. A key element of the first phase of the U.S. program is separate standards for engines based on engine dynamometer testing.
As currently configured, GEM can only simulate vehicles with standard drivetrains and cannot be used to certify hybrid vehicles for compliance with fuel economy and GHG emission standards. Therefore, unlike Japan, the United States has devised distinct certification pathways for hybrid vehicles.
Manufacturers may choose to certify hybrid vehicles using any of the three aforementioned test methods: (1) full vehicle chassis dynamometer testing,
(2) engine (and hybrid system) dynamometer testing, or (3) powertrain testing. As described above, a post-transmission hybrid system can only be tested with a chassis or powertrain dynamometer.
However, while the engine and hybrid system can be certified together for fuel efficiency and GHGs using one of these methods, under the U.S.
program in all cases the engine in a hybrid vehicle must also be tested separately on an engine dynamometer for to certify compliance with criteria pollutant emission standards. The engine functions differently when operated independently of the hybrid system, and both fuel consumption and emissions performance during certification testing may not be representative of real-world operation. With regard to hybrid vehicles, this is currently a shortcoming of the U.S. program.
The GRPE's proposed method for certifying hybrid vehicles is similar to the Japanese approach. It starts with developing a model for each unique hybrid system that is based on measured component data (e.g., from the engine, transmission, electric motor, accumulator, etc.). The virtual vehicle is then driven over the World Transient Vehicle Cycle (WTVC). From the simulation, the engine's speed and load characteristics over the cycle are recorded, in effect enabling the simulation model to determine a unique engine cycle for that hybrid system. Using this unique speed/load data, the actual engine is then exercised on a dynamometer to determine criteria pollutant and CO 2 emission levels.
China has recently finalized a test procedure methodology for its upcoming fuel efficiency program, which is expected to be completed in 2013. In their test procedure, base vehicles will be tested on a chassis dynamometer, and all variants of a particular base vehicle will be certified using simulation software. Both chassis and simulation testing will be done using a modified version of the WTVC (C-WTVC), which is meant to better reflect the duty cycles of Chinese commercial vehicles. Detailed definitions of a base versus variant vehicle are still in development. Also, the agencies responsible for drafting the regulation are still developing the procedures for certifying advanced vehicles such as hybrids. The chassis and simulation testing protocols will only measure fuel consumption, and certification for criteria pollutants will continue to be performed using engine dynamometer testing. 
Test track and in-use testing
2.5
CoMparIson of test Methods
There are certain issues and challenges with each of the testing methods that are currently used to certify advanced technology heavy-duty vehicles.
As summarized in Tables 1 and 2 , none of the methods are clearly superior across all the key regulatory parameters. The following section discusses some areas of concern in terms of consistency with existing criteria pollutant engine test procedures, applicable test configurations, and sources of complexity and uncertainty.
Consistency with existing engine-test procedures
Engine dynamometer testing has been a well-established convention for criteria pollutant standards for many years and likely will continue to be the norm for conventional vehicles. 
3.1
As the example illustrates, because the FTP is not equivalent to the vehicle cycles used for fuel efficiency/GHG certification, it is impossible to make hybrid certification testing consistent with both existing engine certification and vehicle certification testing under current U.S. protocols. Moreover, as discussed in section 2.4, the procedure in which the hybrid engine must be certified independently for criteria pollutant emissions misrepresents the actual in-use performance of the hybrid vehicle.
The key to establishing consistency with criteria pollutant programs is to use a vehicle test cycle(s) that is equivalent to the engine test cycles used in the criteria pollutant program. A prime example of equivalence between a vehicle and engine cycle is the WTVC and the WHTC. The WHTC was developed to be a direct engine cycle translation of the WTVC. In terms of consistency between pollutant emission and efficiency testing, the ideal case is where a hybrid vehicle (or system) is certified using the same test cycle for both criteria pollutants and GHGs. This is true of conventionally powered vehicles as well.
However, it must be acknowledged that translating a vehicle cycle to an engine cycle depends on assumptions about the distribution of the power/ weight ratio and the transmission configuration of vehicles. Consequently, for any vehicle-based test to be consistent with an engine-based test, the vehicle must fall within a normal range for the power/weight ratio and transmission gearing. Vehicles with significantly different power/weight ratios or transmission configurations (e.g., a 3-speed versus a 10-speed transmission)
will yield very different g/kWh emission results over the vehicle test cycle.
This potentially exposes the program to gaming, especially if engine-based and vehicle-based tests are both allowed as equivalent alternatives.
Applicable powertrain configurations
The only test method that is physically restricted to a single hybrid architecture is the engine dynamometer-based approach, which is applicable only to pre-transmission parallel hybrids. Any type of hybrid architecture
or advanced transmission can be tested using a chassis dynamometer or powertrain test cell. In theory, any type of hybrid or advanced transmission system can also be "tested" using a simulation model; in practice, however, it may be challenging to develop accurate simulation models for every possible permutation of advanced technology. Another confounding factor is that manufacturers typically use proprietary hybrid control algorithms, which would be difficult to model in an open and transparent way in the context of a certification program.
Sources of complexity and uncertainty
The limitations of the various forms of physical testing and the sources of uncertainty about them are fairly well understood. As discussed in section 2.2, the primary source of uncertainty in the chassis testing method In engine and powertrain dynamometer testing of hybrid systems, the biggest area of uncertainty is in defining the amount of potential (grade) or kinetic (braking) energy that can be captured during the motoring portions of the test cycle. However, there are certain options for defining the available energy that can be recaptured in a given cycle, and it is simply up to the regulator to identify which of these options will be utilized in the testing program.
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Simulation models are inherently more uncertain than physical testing simply because any virtual vehicle or system is only a representation of reality. Computational power and efficiency have certainly allowed for tremendous advances in vehicle simulation, but the "accuracy" of even the most sophisticated model is limited by the "accuracy" of the assumptions that underlie it. Providing accurate assumptions will likely require that various hybrid system components or subsystems receive some physical testing. Hybrid systems present additional complexity with respect to modeling for two main reasons:
• Modeling the performance of, and the interactions between, a number of different systems (engine, energy storage device, motor/generator, power converter, etc.) can be quite difficult, depending on the complexity of the model. It could be burdensome to develop unique models for every configuration of an existing and future advanced vehicle system (e.g., plug-in hybrids, hydraulic hybrids, full electric vehicles, fuel cell vehicles). Furthermore, the required complexity of a model increases substantially if it includes criteria pollutant emissions and advanced after-treatment systems.
• Hybrid vehicle manufacturers typically employ their own proprietary control software to govern the complex interactions between the engine, the hybrid components, and the rest of the driveline systems.
The ability to accurately model these proprietary control strategies in a transparent, open-source simulation is a challenging prospect.
Any time a simulation tool is used in a regulatory context, it is difficult to strike a balance between model accuracy and complexity. On the one hand, the ability of a simulation tool to reasonably represent a hybrid vehicle is crucial to having confidence that model results indicate real-world performance. On the other hand, a model that is overly complicated may reduce transparency and make it such that only a limited number of technical experts fully understand the certification software. Allowing manufacturers to use proprietary "black box" models for certification introduces a significant opportunity for gaming.
suMMary and ConsIderatIons
Climate concerns, unstable oil markets, and competition are driving the demand for greater efficiency as well as increasing reliance on nontraditional fuels in the heavy-duty vehicle sector. As this demand intensifies, advanced vehicle technologies such as hybrids are increasingly attractive and are gaining market share. From a policy perspective, one of the key issues that regulators are facing is how to modify and/or create certification procedures for these advanced vehicles.
The options for certifying advanced technology commercial trucks and buses include laboratory and virtual testing, as well as combinations thereof.
When analyzing the range of testing options in terms of costs, complexity, accuracy, and transparency, no one solution is clearly superior. As such, it's understandable that different governments have developed different approaches to testing heavy-duty hybrids. In Japan, certification for both criteria pollutant and fuel efficiency is based on a combination of simulation modeling and engine dynamometer testing. In the United States, chassisand engine-based dynamometer testing are the two options available for certification of hybrid vehicles in the fuel efficiency/GHG program, with the shortcoming that the hybrid engine must be tested separately in the criteria pollutant program. 11 In light of the differences in these programs, there is an opportunity for the GRPE working group to create a global test procedure for heavy-duty hybrid vehicles that could harmonize criteria pollutant and fuel efficiency/GHG programs among countries such as Japan, China, the United States, and the members of the European Union. As they draft amendments to Global Technical Regulation No. 4, the GRPE should consider the following high-level issues.
1. harmonizing criteria pollutant and fuel efficiency/ghg test procedures and leveraging the WhtC and the WtvC. Testing hybrid vehicles/systems for criteria pollutants and GHGs using the same cycle is advantageous because it decreases the testing burden as well as opportunities for gaming (i.e., optimizing for low criteria emissions at the expense of fuel efficiency during criteria pollutant testing, and vice versa during fuel efficiency testing). As we discussed in section 3.1, the WHTC is an engine cycle that was developed to be functionally equivalent to the WTVC, which is a vehicle cycle. This functional equivalence allows for consistency between existing criteria pollutant testing using engine dynamometers, and testing of hybrid vehicles/ systems, which can be done using engine-based test cycles or vehiclebased test cycles. • Equivalence of vehicle and engine cycles assumes a reasonable power-to-weight ratio between engine and vehicle.
accommodating a variety of advanced technologies.
• • Ability to test all the vehicle components as a system
• Uses actual production control system algorithms during test
• Limited availability of chassis dynamometers due to high capital costs
• Testing is time and resource intensive.
• Coastdown testing is a required prerequisite for developing road-load inputs-limited availability of adequate test facilities, and variability based on ambient conditions.
• Not consistent with existing criteria pollutant test procedures, which are based on engine dynamometer testing
engine-based testing
• Industry and regulators have strong familiarity with engine dynamometer testing-ability to leverage existing engine certification cycles
• Consistent with existing criteria pollutant test procedures, which are based on engine dynamometer testing
• Only applicable to pre-transmission parallel hybrid systems
• Cannot test driveline systems such as the transmission
• May conflict with test procedures for fuel efficiency/GHG emissions that are based on vehicle cycles. For example, there is currently no vehicle cycle that is functionally equivalent to the heavy-duty FTP (U.S.) engine cycle.
powertrain-based testing
• Ability to test any vehicle configuration, including post-transmission parallel and series hybrids, and advanced transmissions. All driveline components tested as a system.
• Very few powertrain test cells in existence
• May conflict with existing criteria pollutant test procedures that are based on engine dynamometer testing hardware-in-theloop simulation and testing
• Certification may be less resource intensive than in the other methods.
• For criteria pollutant certification, each engine is tested on a unique dynamometer cycle as if it were operating in a hybrid system.
• Creating computational models for all possible hybrid architectures would be data intensive and time consuming.
• Testing does not use actual production control system algorithms.
• Model can only be used and verified by experts in the field.
• Complex test protocol requires coastdown testing and component (engine, motor/generator, energy storage system) testing for data inputs.
In-use testing on-road
• Ability to test any vehicle configuration, including post-transmission parallel and series hybrids, and advanced transmissions
• Ability to test all the vehicle components as a system
• Does not require specific test track or facility
• Large amount of data required to assure accuracy and repeatability.
• Appropriate test protocols and data analysis procedures would need to be developed.
• The International Council on Clean Transportation is an independent nonprofit organization founded to provide first-rate objective research and technical analysis to environmental policy makers. Our mission is to improve the environmental performance and energy efficiency of road, marine, and air transportation, in order to benefit public health and mitigate climate change.
